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Abstract
With growing energy demands, alternatives to the traditional non-renewable fuel sources
are currently being explored. Of these alternative fuel sources, solar energy, particularly
dye-sensitized solar cells (DSSC), have garnered considerable interest. Traditional redox
mediators within these solar cells have been triiodide/iodide couples, which pose several
complications due to their corrosiveness, absorption in the visible range, and efficiency,
motivating the development of better redox couples for next generation DSSCs. Thus,
transition metal complexes have rapidly gained traction as a potential replacement for this
traditional I-/I3- based system. In this study, a novel tetradentate ligand framework and its
copper and nickel complexes are designed and synthesized to study these complexes’
viability as redox shuttles. Electrochemical studies of reversibility and scan rate
dependence were performed on the copper complex to aid in establishing such viability.
These results, along with the CuII/I oxidation potentials were compared with other
developed copper-based systems. The synthesized copper shuttle demonstrated
electrochemical reversibility, and the CuII/I potential was comparable to the shuttles
reported in the literature. Future work to compare the synthesized complex to the nickelbased complex is currently in progress. Different electrochemical results from those
observed in the copper complex are expected. Overall, this study illustrates that the
synthesized copper complex could be a viable replacement for traditional redox
mediators, but further testing should be conducted to establish its usefulness in an actual
DSSC environment.
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1. Introduction
1.1: Mounting Global Energy Demands
With the advent of the Industrial Revolution, energy consumption has
skyrocketed. Indeed, in the past 200 years, consumption has increased approximately
twenty-seven fold.1 A multitude of energy sources have evolved in this time period,
ranging from older means, such fossil fuels, to more recent means, such as nuclear fuel.
Figure 1 illustrates the consumption of these various fuels that have been developed and
used over the past 200 years. In general, energy consumption has increased across most
fuel sources. Of these sources, fossil fuels, such as coal, crude oil, and natural gas,
account for almost 80 percent of the total consumption.2

Figure 1. Total energy consumption assorted by fuel source from 1800 to 2017.2
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This increasing global energy consumption is not necessarily a negative trend. In
fact, it reflects increasing development, economic growth, and greater access to energy
sources for impoverished regions. However, it does require some considerations. While
the primary energy source leading this massive growth in consumption has been the
robust and widely used fossil fuels, they pose several problems. First of all, they are
nonrenewable resources—they will eventually expire and cannot be replenished in a short
time span. Scientists predict that, at the current rate of usage, current natural gas and oil
reserves can meet global energy needs for approximately 50 years and coal reserves for
100 years.3 Once these fossil fuels have been depleted, a serious crisis stemming from
demands for energy could ensue.
Furthermore, combustion of fossil fuels releases carbon dioxide (CO2) into the
atmosphere, unloading a host of issues. Due to the role of CO2 as a greenhouse gas,
average global temperature is increasing with the growing concentration of atmospheric
CO2. These alterations in the global temperatures could potentially have catastrophic
effects. Namely, perpetually frozen ice caps could melt, and seawaters could expand due
to temperature increases, contributing to a higher sea level and the alteration of
innumerable organisms’ habitats, including humans. Already, the oceans have increased
in depth by 21 cm from 1880 to 2009, primarily attributed to this ice cap melting and
water expansion. Furthermore, numerous ocean ecosystems and organisms dependent on
static pH could be threatened by increasing ocean acidification—another consequence of
increasing atmospheric CO2 levels, which equilibrate with dissolved CO2 in oceans.
Indeed, in the past 200 years, ocean acidity has been altered by 0.1 pH units,
corresponding to a 26 percent increase in acidity.4 Certainly, with the issues that this
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mode of consumption raises, alternative fuel sources must be investigated and put into
practice.

1.2: Solutions to Meeting Energy Demands
Renewable resources have grown increasingly popular as an alternative source of
fuel that minimizes its impact on the environment. Indeed, as shown in Figure 1,
renewable resources have contributed to an increasing percentage of energy consumption
from the 1970s to recent years. One such renewable resource that is currently being
harnessed is wind energy. This source carries several advantages. As it is a domestic
source, it is cost effective, offering a relatively low static cost that other sources, whose
costs vary, cannot offer. Wind turbines can also be installed on farms and ranches, where
the best sites are generally found, without seriously impacting agricultural activity.
However, wind turbines are not available in all parts of the United States—their sites are
often far from industrial areas where they are most needed, requiring power lines to carry
the electricity. These wind turbines also can be considered a source of noise and aesthetic
pollution, and they can pose a danger to birds that fly too close to the blades.5
Another renewable resource currently in use is hydroelectric energy. Like wind
power, hydroelectric energy arises from a domestic resource—water sources—and thus
offers a stability in costs that fossil fuels do not. Furthermore, hydroelectric sources can
act as a reservoir for rainwater, thus aiding in other water needs, such as irrigation for
farmlands or clean drinking water. Perhaps foremost, they are incomparable in their
converting raw energy to electricity, able to switch from zero power to maximum output
rapidly and provide electricity for a grid quicker than almost any other source. However,
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they, too, have disadvantages. The inherent modification of a water source to create a
hydroelectric plant can result in the alteration of aquatic habitats, potentially disrupting
the organisms living therein. Furthermore, the creation of a reservoir could mean the
necessary relocation of nearby residents due to the subsequent changes in water levels
and the alteration of navigational routes, possibly affecting commerce.6 Lastly, and,
perhaps foremost, hydroelectric energy sources have little room for growth—that is, the
number of water sources from which hydroelectric energy can be derived is limited.
Thus, the energy that can be provided by this resource is bottlenecked by availability of
the source itself.
Solar energy sources are superior to wind energy and hydroelectric sources for a
number of reasons, affirming their status as one of the premier avenues of alternative
fuel. Foremost, in comparison to wind and hydroelectric energy, solar energy provides
the greatest amount of energy to meet global demands. As shown in Figure 2, solar
energy can meet global energy needs 2850 times over.7 Too, unlike wind energy sources,
which must usually be placed away from industrial areas to maximize wind collection
and conversion, solar energy sources can be placed virtually anywhere, so long as the
panels are exposed to open sunlight. They also generate a lower amount of visual
pollution than wind turbines, as they can be built atop preexisting structures, such as
buildings and even their windows. They, furthermore, require much less maintenance
than wind turbines, having fewer moving parts.8 In comparison to hydroelectric sources,
solar panel production and installation pose few risks to the environment, unlike
hydroelectric plants, which can disrupt animal habitats, alter water flow, and cause
flooding. Furthermore, solar energy is far more accessible than hydroelectric energy—
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hydroelectric sources are limited in that they can only be located by water sources,
whereas, sunlight can be found in sufficient quantity to fuel domestic needs nearly
everywhere. Additionally, federal law designates many areas close to water sources as
exclusion areas, prohibiting them from serving as hydroelectric sources.9 Thus, solar
energy clearly offers numerous advantages over other sources that make it a frontrunner
in the efforts to find clean and renewable energy sources.

Figure 2. A comparison of the energy resources of the world and their suitability for
meeting global energy demands.7 Reprinted with permission from Elsevier ©2014.
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1.3: A Discussion of Dye-Sensitized Solar Cells
Of the photovoltaic solar cells, dye-sensitized solar cells (DSSCs) are an
appealing option for several reasons: they have low production costs, convert sunlight
into electrical power efficiently over a wide range of temperature and lighting conditions,
and operate at relatively low internal temperatures. The primary components of this
device include a photoanode, a sensitizer dye, a cathode, and a redox coupling electrolyte
solution, usually composed of I3−/I−. Typically, the photoanode is a semiconducting
porous nanocrystalline metal oxide, such as titanium oxide (TiO2) or zinc oxide (ZnO),
that is supported by a transparent conductive oxide (TCO)-coated glass surface. Onto the
metal oxide photoanode, the dye is adsorbed, or sensitized.10
An ideal sensitizer dye contains carboxylate or phosphate groups to adsorb onto
semiconductor. It also has broad absorption to absorb incident light at all wavelengths
below the near-IR region. Furthermore, it must have LUMO orbitals with sufficiently
higher reduction potential than the semiconductor’s conduction band to facilitate efficient
electron transfer to the semiconductor and HOMO orbitals with sufficiently lower
oxidation potential than the redox couple to facilitate efficient acceptance of the couple’s
electrons. Lastly, the ideal dye must be rugged, able to undergo approximately 108
turnovers and work for the cell’s entire lifetime. The cathode is usually made of fluorinedoped tin oxide (FTO) or indium-doped tin oxide (ITO) coated with platinum. A gasket
separates the cathode and photoanode, and the space between is filled with an electrolytic
solution containing the redox couple.10 Figure 3 illustrates the general schematic of a
basic dye sensitized solar cell.
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Figure 3. General schematic for a DSSC.11 Reprinted with permission from RSC
Publishing ©2012.

A series of redox reactions, initiated by incident sunlight striking the cell, occur
within the components of the DSSC, creating a current that can be harnessed for
electrical power. When the incident light strikes the DSSC, the light travels through the
transparent conducting oxide layer and strikes the photoanode with the adsorbed dye
sensitizer, exciting its electrons in a manner similar to chlorophyll found in plant tissues.
These excited electrons are then passed to the conduction band of the semiconductor, and
the oxidized dye is subsequently restored to its reduced state by the redox shuttle. The
dye’s injected electrons flow through the semiconducting material to the photoanode’s
back contact, moving through the circuit past the external load and thereafter reaching the
counter electrode, or cathode. The circuit is then completed when the oxidized redox
7

shuttle is restored to its reduced form with these electrons. While this series of redox
reactions occurs ideally without any losses of energy, side reactions are possible that
reduce the efficiency of the cell. For instance, the electrons passed into the semiconductor
may rejoin with the oxidized sensitizer dye or the oxidized redox shuttle.12 Figure 2
illustrates these unwanted side reactions using dotted arrows.11

1.4: Efficiency Parameters and Redox Shuttles
The previously described side reactions can play a role in the overall efficiency of
the solar cell—that is, how much of an incident photon’s energy is converted into usable
electrical energy. To examine the effects of energy losses and overall efficiency, the
power conversion efficiency (PCE), η, is calculated as shown in Equation 1:
𝜂=

!!" ×!!" ×!!
!!

Eq. 1

where 𝐽!" is the short circuit density, 𝑉!" is open circuit voltage, 𝐹𝐹 is the fill factor, and
𝐼! is the intensity of the incident sunlight.12 The electrolyte redox system and its
interaction with the electrode’s surfaces play a key role in determining each of the
parameters described in Equation 1. The movement of the redox pair species within the
electrolyte, for example, impacts the short circuit density, and the redox potential of the
electrolyte can strongly affect the open circuit voltage. The interaction between the
electrolyte and the catalyst present on the counter electrode, which restores the redox
shuttle to its reduced state, can affect the fill factor.11 Consequently, selection of a wellbehaved electrolyte is important to maintaining efficiency and cell stability.
Traditionally, the redox shuttle in a DSSC is an I3−/I− electrolyte system. These
systems are favorable for their kinetic properties, stability, and high-carrier collection
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efficiency.10 However, this redox couple has several weaknesses. It is a corrosive
material towards metals such as copper and silver, which serve important roles in electron
collection in large-scale DSSC modules, hindering the production of modules with longlasting stability. Furthermore, I3− and related polyiodide species absorb light in the visible
region, resulting in significant losses of efficiency. Finally, and foremost, the redox
reactions between the shuttle and dye that result in regeneration of the reduced dye have
serious energy penalties. Dye regeneration occurs over two steps. In the first step, I−
reduces the oxidized dye, forming a diiodide radical that, in the second step, dismutates
into I3− and I−. The formation of this radical intermediate forms another activation barrier
that must be surmounted, leading to significant losses in potential. As a result, multicharge transfer is more energetic and less efficient when compared to single electron
redox couples.11 A final issue lies in the tunability of this couple—that is, its redox
potentials are fixed and cannot be adjusted through the addition of chemical groups.
Nevertheless, despite these difficulties, this redox system remains widely used, and
studies involving this couple have demonstrated peak efficiencies of 11.5 percent, setting
the standard for efficiency in DSSCs of this type.13
The problems with the traditional I3−/I− redox shuttle and the desire for increased
efficiency motivate the development of new redox shuttles. In general, these alternatives
should possess a redox potential that more closely matches the oxidation potential of the
sensitizer dye. They should also be noncorrosive towards DSSC components, sufficiently
soluble in the desired solvent, thermally stable, and relatively transparent in solution at
desired concentrations to prevent losses of efficiency. Organic redox shuttles and hole
transporting materials have both been considered as such alternatives. However, of
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particular interest in this arena are shuttles based on transition-metal complexes. These
shuttles are attractive for several reasons: they are noncorrosive towards DSSC
components, their absorption properties can be tuned, and they can be adjusted to a given
redox potential through modification of their ligands’ chemical groups.10 In recent years,
research into these redox shuttles has spiked, making it an increasingly viable
replacement for traditional redox systems.

1.5: A Review of Previous Redox Shuttle Studies
Some of the first studied transition-metal redox shuttles were cobalt-based
complexes. A number of these studies focused on cobalt complexes with substituted
bipyridine-based ligands. In particular, a 2002 study by Sapp and coworkers synthesized
a series of such complexes, shown in Figure 4, and found that these shuttles were
effective electron-transfer materials, demonstrating an efficiency greater than 80 percent
of a comparable cell that used I3−/I− as its redox mediator.14 Furthermore, in a landmark
study in 2010, Feldt et al. published the results of a study involving a dye paired with a
series of cobalt bipyridyl redox shuttles, achieving a PCE of 6.7 percent.15 Complexes
with phenanthroline-based ligands have also been studied. For instance, in 2011, Wang
and associates examined [Co(phen)3]2+/3+ as a potential shuttle, obtaining a PCE of 8.9
percent, comparable to the I3−/I− mediator in similar conditions.16 More recently, studies
involving cobalt-based redox shuttles using such bipyridine and phenathroline ligand
frameworks have demonstrated record efficiencies of 14.3 and 14.6 percent.17,18
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Figure 4. Series of cobalt (II/III) complexes synthesized by Sapp and coworkers in their
2002 study.14
Complexes with iron metal centers have also been investigated as alternatives to
I3−/I− redox shuttles. Studies have been published featuring ferrocene and its derivatives;
however, an issue with these shuttles is that, while they feature rapid electron transfer
kinetics, they recombine quickly with electrons injected into the semiconductor,
nullifying the photovoltaic effect. To circumvent this issue, a study in 2010 by Gregg and
coworkers developed two methods that passivated the interfaces between the materials
undergoing undesired recombination, allowing for these kinetically fast redox shuttles to
be used.19 In 2018, the Delcamp group published research regarding a sensitizer dye and
iron-based complex pairing. In using a dye with a low oxidation potential, they were able
to pair the dye with a low-potential iron bipyridyl complex—lower than previously used
cobalt bipyridyl complexes. This pairing generated the highest photovoltage observed for
a DSSC without need for doped TiO2.20
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Only recently have nickel metal center complexes received attention as potential
redox shuttles. In 2010, Hupp and coworkers examined nickel (IV/III) bis(dicarbollide)
shuttles, shown in Figure 5. These shuttles were determined to have, in comparison to
the ferrocene systems, faster dye regeneration and slower recombination with injected
electrons.21 Further research generated a new series of complexes derived from the
original nickel (IV/III) bis(dicarbollide) shuttle, featuring added electron-withdrawing
and electron-donating groups that allowed tuning to a desired potential. Indeed, these
derived shuttles demonstrated a tuning range that overlapped with the I3−/I− redox couple,
thus improving on an already fast complex-based mediator.22

Figure 5. Nickel (III/IV) bis(dicarbollide) shuttles synthesized by Hupp et al.22

A limited number of studies have been performed involving complexes with
copper metal centers. In 2005, Fukuzumi et al. published results on a series of bluecopper mimics, shown in Figure 6. These complexes featured a distorted tetrahedral
geometry; but the highest observed PCE was 2.2 percent with the [Cu(dmp)2]II/I complex,
lower than the I3−/I− couple. However, this same complex yielded a higher open circuit
voltage; and all complexes synthesized were readily made in one step.23 In 2007, the
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Brugnati group published a series of copper(I) complexes based on substituted bipyridine
and quinoline derivatives, finding that the conversion efficiency was far too low for
practical replacement of the I3−/I− couple; however, they noted that the open-circuit
voltage and fill factor were both higher than the traditional mediator.24

Figure 6. Blue copper complexes synthesized by Fukuzumi et al.23
In 2016, Hoffeditz and co-workers investigated a copper shuttle containing 1,8bis(2’-pyridyl)-3,6-dithiaoctane (PDTO) ligand and the common DSSC additive 4-tertbutylpyridine (TBP). They found that, in a solution containing available TBP, upon
oxidation of the metal center from copper (I) to copper (II), the complex exchanged the
PDTO ligand for four or more free TBP ligands. This redox system and its associated
interconversions are shown in Figure 7. As noted by the group, this dual-species system
benefits from the distinct roles that each part plays in DSSC function and from the
tunability of each half of the couple, allowing for optimal matching to DSSC
components.25 In sum, the significant strides in the development of complex-based redox
shuttles have made these materials an increasingly viable alternative to the problemriddled I3−/I− mediator; and rapid advances in terms of ligand design, choice of metal
center, and overall efficiency continue to improve upon current models.
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Figure 7. Copper-containing redox shuttle system investigated by Hoffeditz et al.25

1.6: Overview of the Present Study
The advances in the area of complex-based redox shuttles give context to the
primary goals of this study. As previously mentioned, limited examples of complexes
with copper and nickel metal centers exist in current literature. This study’s primary goal
is to synthesize a novel tetradentate ligand that can chelate to a copper metal center in a
pseudo-tetrahedral geometry. Furthermore, this study seeks to compare the complex to a
nickel complex with the same ligand and investigate the complexes’ physical and
electrochemical properties to evaluate their viability as potential redox shuttles.
A barrier that must be surmounted in creating redox shuttles based on CuII/I
complexes is the internal reorganizational energy associated with the change in oxidation
state of the metal center. Before an electron transfer may occur, the metal center must be
vibrationally excited to match the product’s appropriate geometry. Such matching is
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generally achieved through changes in bond lengths. However, the significant energy
expense associated with that geometry adjustment complicates this mechanism in CuII/I
complexes —the +1 form of the metal prefers to form tetrahedral complexes while the +2
form prefers tetragonal.23 To overcome this energetically expensive process, a rigid
ligand can be used to preserve the coordination geometry and, thus, reduce internal
reorganization, allowing redox mediation to proceed at an efficient rate.26
The Jurss group has been interested in the coordination chemistry of rigid
polydentate ligands to generate highly stable complexes.27 The tetradentate ligand for the
copper and nickel complexes synthesized in this study, shown in Figure 8, is notable in
that all atoms are part of an aromatic ring. Such aromaticity creates rigidity, but rotation
is allowed about the single bonds joining adjacent rings. In forming its four coordinate
bonds to copper or nickel, the ligand twists into a distorted tetrahedral coordination
geometry but cannot adopt tetragonal geometry, a consequence of the molecule’s
rigidity.28 The generalized stereostructure for the copper and nickel complexes is shown
in Figure 9. In using a rigid tetrahedral ligand to minimize the complexes’ internal
reorganization energy, we predict that we can produce efficient redox mediators to
replace traditional I-/I3- systems.
Perhaps most important to the complexes’ proposed role as redox mediators is the
tunability of the tetradentate ligand. As previously discussed, a tunable ligand allows for
addition of electron donating and withdrawing groups, which can play a critical role in
the shuttles’ reduction potential. Consequently, when paired with an appropriate dye, a
tunable redox mediator can afford a DSSC with much higher efficiencies. Thus, the
desire to create more efficient DSSCs ultimately motivates this study as well.
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Figure 8. Structure of bis(phenylpyridine)bipyridine (bis(ppy)bpy), the tetradentate
ligand coordinated to the nickel and copper complexes synthesized in this study.

a)

b)
Figure 9. Stereostructures of the (a) copper and (b) nickel complexes synthesized in this
study as obtained from density functional theory (DFT) calculations. Hydrogen atoms are
omitted for clarity.
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2. Experimental Procedures
2.1: Materials and Methods
Unless otherwise noted, all synthetic procedures were conducted with standard Schlenk
techniques or in an MBraun glovebox under dinitrogen atmosphere. N-methyl-2pyrrolidone was purchased from Acros Organics. Dichloromethane and diethyl ether
were dried with a Pure Process Technology® solvent purification system. Compounds 2bromopyridine, phosphorus (V) oxybromide, and benzeneruthenium (II) chloride dimer
were acquired from Oakwood Chemicals. Potassium carbonate, triphenylphosphine, and
methyl iodide were purchased from Fisher Scientific. Potassium hexacyanoferrate (III)
was purchased from Sigma Aldrich, and 2-phenylpyridine was acquired from ChemImpex International. All other chemicals were reagent or ACS grade, purchased from
commercial vendors, and used without further purification. 1H and 13C NMR spectra were
obtained using Bruker spectrometers operating at 300 MHz (1H) and 100 MHz (13C) or
75 MHz (13C) as noted. Spectra were calibrated to residual protiated solvent peaks, and
chemical shifts are reported in ppm. High-resolution electrospray ionization mass spectra
(HR-ESI-MS) were obtained with a Waters SYNAPT HDMS Q-TOF mass spectrometer.

2.2: Synthetic Route for bis(phenylpyridine)bipyridine and its Metal Complexes
The overall synthetic route for the tetradentate ligand used throughout this study,
bis(phenylpyridine)bipyridine (bis(ppy)bpy), is shown Figure 10.
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Figure 10. Synthetic route for bis(ppy)bpy.

Upon synthesis of this ligand, a metallation step is performed, yielding the metal
complexes as shown in the synthetic route given in Figure 11.

Figure 11. Synthetic route for the nickel and copper complexes.
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2.3:Ligand Synthesis
1,2-dipyridylbenzene (1)
To generate the first ligand precursor, 2-phenylpyridine (5.0 g, 32.2 mmol, 1 equivalent)
and 2-bromopyridine (5.0 g, 32.2 mmol, 1 equivalent) were added in equimolar amounts
in the presence of benzeneruthenium(II) chloride dimer (0.201 g, 0.403 mmol, 0.125
equivalent), triphenylphosphine (0.423 g, 1.61 mmol, 0.05 equivalent), and potassium
carbonate (8.91 g, 64.4 mmol, 2 equivalent) in 30 mL of the solvent, Nmethylpyrrolidinone (NMP). This reaction mixture was heated at 120 oC for 20 hours. To
isolate this intermediate, 50 mL of ethyl acetate was added to the reaction mixture, which
was thereafter washed three times with water and dried with sodium sulfate. The solvents
were then evaporated under vacuum; and a silica gel column purified the residue, giving
the monophenylated product with a 39% yield. The NMR data matched the spectra
reported in the literature.29

N-methylpyridinium-(phenylpyridine) iodide (2)
1,2 dipyridylbenzene (0.614 g, 2.64 mmol, 1 equivalent) was dissolved in 10 mL of a 1:1
dichloromethane/diethyl ether solution. To this solution, methyl iodide (0.197 mL, 3.17
mmol, 1.2 equivalents) was added with stirring; and the reaction mixture was heated at 35
o

C for 24 hours under nitrogen. To isolate this intermediate, all solvents present were

evaporated, and the crude product was washed three times with diethyl ether. Following
this washing, the intermediate was dried under vacuum, giving a light yellow powder.
The yield for this intermediate was 64%. 1H NMR—CD3CN; δ 8.76 (d, 1H, J = 6.2 Hz),
8.29 (t, 1H, J = 7.9 Hz), 8.11 (d, 1H, J = 4.8 Hz), 8.01 (d, 1H, J = 7.9 Hz), 7.94-7.88 (m,
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1H), 7.86-7.78 (m, 3H), 7.70 (td, 1H, J = 7.6 Hz, J = 1.1 Hz), 7.55 (t, 2H, J = 9.4 Hz),
7.22-7.17 (m, 1H), 4.03 (s, 3H).
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C NMR—D2O; δ 156.11 (s), 155.72 (s), 149.00 (s),

145.50 (s), 144.90 (s), 139.00 (s), 138.45 (s), 131.96 (s), 130.65 (s), 130.08 (s), 129.68
(s), 126.51 (s), 124.27 (s), 123.39 (s), 46.23 (s).

N-methyl-pyridinone-(phenylpyridine) (3)
In this step, performed under air, K3Fe(CN)6 (8.680 g, 26.36 mmol) was dissolved in (25
mL) water and cooled to 0 oC. Solutions of NaOH (8.435 g, 210.9 mmol) and the
iodinated intermediate (3.946 g, 10.54 mmol), both dissolved in water (20 mL each),
were added dropwise to yield a suspension. This reaction mixture was stirred for 3 hours
at 0 oC before heating it to 45 oC and thereafter allowing it to stir at this temperature for 3
days. For the work-up, a saturated NaCl solution was added to quench the reaction.
Thereafter, the intermediate was extracted 3 times using dichloromethane (50 mL). This
organic layer was then dried using NaSO4, and all remaining solvent was removed via
rotary evaporation. The resulting solid was then dissolved in an 8:2 solution of ethyl
acetate/methanol, filtered through neutral alumina to remove residual impurities, and
dried. To this dried solid, a minimum amount of dichloromethane was added. Hexanes
were then added to this solution, and the resulting reddish-brown, low melting-point solid
was collected by vacuum filtration. The yield for this reaction was 82%. 1H NMR—
CD3CN; δ 8.45 (d, 1H, J = 4.8 Hz), 7.77 (dd, 1H, J = 7.7 Hz, J = 1.3 Hz), 7.70 (td, 1H, J
= 7.8 Hz, J = 1.7 Hz), 7.63 (td, 1H, J = 7.4 Hz, J = 1.4 Hz), 7.56 (td, 1H, J = 7.5 Hz, J =
1.6 Hz), 7.44-7.37 (m, 2H), 7.25-7.20 (m, 2H), 6.30 (dd, 1H, J = 9.1 Hz, J = 1.2 Hz), 5.90
(dd, 1H, J = 6.8 Hz, J = 1.3 Hz), 3.09 (s, 3H).
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C NMR—Acetone-D6; δ 163.35 (s),

158.43(s), 151.25 (s), 150.14 (s), 140.92 (s), 138.98 (s), 137.29 (s), 135.31 (s), 131.18 (s),
129.49 (s), 129.40 (s), 129.33 (s), 123.84 (s), 123.22 (s), 118.46 (s), 107.43 (s).

2-(bromopyridine)phenylpyridine (4)
Under nitrogen atmosphere, 1.93 g (7.36 mmol) of the oxidized intermediate 3 was added
to an oven-dried pressure flask. A solution of POBr3 in xylene (7.56 mL, 22.1 mmol) was
then added, and the mixture was heated with stirring overnight. To purify the reacted
intermediate, the solution was cooled to room temperature and quenched with aqueous
NH4OH to yield a strongly basic solution, from which a solid precipitated. This
precipitate was collected via filtration and thereafter washed with water. The solid was
then dissolved in dichloromethane and washed three times with water in a separatory
funnel. The washed organic phase was then dried over NaSO4 and evaporated to dryness.
The resulting solid was then purified by running a silica gel column with a 9:1
hexane/ethyl acetate solution, affording a golden light yellow, low melting-point solid at
a yield of 53%. 1H NMR—CD3CN; δ 8.47 (dd, 1H, J = 5.5, 2.0), 7.70-7.63 (m, 3H),
7.62-7.57 (m, 2H), 7.50 (t, 1H, J = 7.74 Hz), 7.41 (d, 1H, J = 7.86 Hz), 7.26-7.22 (m,
2H), 7.12 (d, 1H, J = 7.5 Hz).
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C NMR—DMSO-D6; δ 160.32 (s), 158.80 (s), 149.40

(s), 140.96 (s), 140.28 (s), 139.71 (s), 138.23 (s), 136.75 (s), 130.82 (s), 130.74 (s),
129.51 (s), 129.01 (s), 126.34 (s), 124.68 (s), 124.07 (s), 122.43 (s).

bis(ppy)bpy (5)
To a two-neck round bottom flask, 0.780 g (2.52 mmol) of the brominated precursor 4,
0.013 g (0.151 mmol) piperazine, 0.017 g (0.075 mmol) Pd(OAc)2, and 1.34 g (6.29
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mmol) K3PO4 was added. The flask was purged with nitrogen. Deaerated DMF (20 mL)
was added to the flask, and the mixture was heated to 140 oC for 36 hours under nitrogen
atmosphere. The mixture was then cooled to room temperature and poured into water
(100 mL). The mixture was extracted three times with dichloromethane (50 mL) and the
organic fractions were then concentrated and purified by flash chromatography. The
desired product was obtained as an off-white solid with a 25 % yield. 1H NMR—
CD3CN: δ 8.43 (d, 1H, J = 4.89 Hz), 7.75-7.72 (m, 1H), 7.66-7.55 (m, 6H), 7.28 (dd, 1H,
J = 6.84 Hz, J = 1.83 Hz), 7.19-7.11 (m, 2H). 13C NMR—CDCl3: δ 159.96 (s), 158.20
(s), 155.68 (s), 149.44 (s), 140.19 (s), 139.83 (s), 136.71 (s), 135.60 (s), 130.73 (s),
130.55 (s), 128.79 (s), 128.73 (s), 125.14 (s), 124.48 (s), 121.50 (s), 119.07 (s). HR-MS:
simulated for C32H22N4 = 463.1923, experimental C32H22N4 = 463.1915.

2.4: [Copper(bis(ppy)bpy)]2+ and [Nickel(bis(ppy)bpy)]2+
The synthesis of the copper(II) complex was accomplished by stirring an equimolar ratio
of copper(II) trifluoromethanesulfonate (0.030 g, 0.065 mmol) and bis(ppy)bpy ligand
(0.023 g, 0.065 mmol) dissolved in dry THF (5 mL). The mixture was stirred for 24 hours
at room temperature under nitrogen atmosphere resulting in a green precipitate. The
precipitate was collected in a glass frit, washed with diethyl ether and dried under
vacuum. The same procedure was replicated to give the nickel(II) shuttle, except that an
equimolar amount of nickel(II) trifluoromethanesulfonate was added to the ligand. HRMS: simulated for C32H22CuN4 = 525.1141, experimental C32H22CuN4 = 525.1116.
Elemental

analysis

of

[Cu(bis(ppy)bpy)]2+

[Ni(bis(ppy)bpy)]2+ is in progress.
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full

characterization

of

3. Results and Discussion
3.1: Synthesis of Ligand
Synthesis of the tetradentate ligand was accomplished in five steps. To summarize
the transformations performed, a heterocoupling was performed between the 2phenylpyridine and 2-bromopyridine precursors in the presence of a ruthenium-based
catalyst to give 1. Thereafter, the compound was methylated with iodomethane via a
simple SN2 mechanism to obtain 2. This methylated compound was then oxidized,
forming a N-methyl-2-pyridone intermediate. In the presence of phosphorous(V)
oxybromide, the carbonyl group on this particular ring was brominated to get 4. From this
bromination, the final step of the synthesis, a homocoupling in the presence of a
palladium catalyst, was performed, giving the bis(ppy)bpy ligand.
Yields for the steps of the ligand synthesis ranged from 25 percent to 82 percent.
The particularly low yields were notably observed in the coupling steps that formed 1 and
5. The low yields in these steps can be attributed primarily to competing side reactions,
which hindered reaction efficiency. Throughout the synthesis, HR-ESI-MS and NMR
provided sufficient assurance of the formation of the purified precursors. This same data
also served as the primary confirmation of the presence of the desired ligand product in
the crude mixture. The NMR data collected for all steps of the synthesis is collected in
the Supporting Information section.
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3.2: Synthesis of Metal Complexes
To summarize the transformation performed, the synthesized ligand was stirred in a
solution containing equimolar free copper(II) salt (or free nickel salt for the synthesis of
the nickel complex) with stirring to facilitate the coordination of the metal to the ligand.
Due to the high steric hindrance of the ligand, the reaction was stirred for an extended
period of time to ensure high conversion to product. Partial characterization of the
complexes was achieved—HR-ESI-MS was performed on the copper complex, and it has
been submitted for elemental analysis. Further characterization must be performed on the
newly synthesized nickel complex.

3.3: Structural and Electrochemical Properties of Complex
Figures 11, 12, and 13 collect the primary electrochemical studies performed on
the synthesized copper complex. As shown in Figure 11, cyclic voltammetry (CV) was
performed on the complex to evaluate its redox properties and electrochemical
reversibility. Such reversibility establishes that the shuttles are stable in the desired
oxidation states, and that they are not degraded throughout the reactions, both qualities
that are desired in high-performing DSSCs. Ideal reversible systems demonstrate a
voltage difference between the peak anodic and cathodic currents, or peak-to-peak
separation, of 57 mV. The peak-to-peak separation for the synthesized copper complex at
a scan rate of 100 mV/s was observed to be approximately 400 mV. This separation is
characteristic of quasi-reversibility. This quasi-reversibility is further reflected in the
ip,a/ip,c value of 1.2, for reversible systems have a ip,a/ip,c value equal to 1.
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Figure 11. Cyclic voltammetry of a 1 mM solution of [Cu(bis(ppy)bpy)]2+ in 0.1 M
TBAPF6 / MeCN solution under inert atmosphere. Scan rate (ν) = 100 mV/s, glassy
carbon disc working electrode, silver wire pseudo-reference, and platinum wire counter
electrode. Ferrocene was added at the end of the experiment as a reference.

Potential reasons for the peak separation observed in the CV can be explored by
examining the nature of the metal-ligand pairing. As noted in previous studies with
copper-based redox mediators, the change in the oxidation state of a copper metal center
is associated with a shift in the preferred geometry. This shift in the coordination
geometry can influence coordination number and subsequently lead to slower redox
processes.23–26 While the ligand used in the synthesis of this copper mediator was
sterically

hindered

as

a

means

of

limiting

nuclear

rearrangement

upon

oxidation/reduction, certainly the metal center shifts its coordination geometry, even if
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that shift is slight, to achieve maximum stability. Further complications could have arisen
due to the inherent steric strain of the ligand. Because the complex is strained, the
presence of any coordinating solvent molecules, such as acetonitrile or water, can result
in an alteration in the coordination number of the complex that could subsequently alter
its electrochemical reversibility.
Table 1 provides a comparison of these findings against electrochemical studies
performed on other copper-based redox shuttles. In the study performed by Hoffeditz and
coworkers, the shuttle system synthesized demonstrated a peak-to-peak separation of 150
mV in the absence of TBP. As the concentration of TBP increased, the peak separation
increased, reaching 950 mV at 10 equivalents of added TBP.25 In the study conducted by
the Brugnati group, the copper complex series that was synthesized demonstrated peak
separation values ranging from 123 to 1300 mV.24 Most telling are the results reported by
the Hattori group, as their rigid ligands are most similar to the tetradentate ligand
presented herein. For their complexes, peak-to-peak separations ranging from
approximately 90 to 200 mV were reported. In all instances, the separations provided in
the literature were well above the ideal 57 mV peak splitting for ideal reversible systems.
Perhaps most importantly, the traditional triiodide/iodide system shows a peak separation
of 500 mV. Taking all of this information into consideration, the results indicate that,
strictly from the standpoint of electrochemical reversibility, the synthesized copper
complex could provide a viable replacement for the traditional triiodide/iodide redox
mediator. The copper shuttle’s peak separation falls well within the range of other
synthesized copper shuttles and is below that of the triiodide/iodide couple.
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Copper Complex

Reduction
Potential (mV)

Oxidation
Potential (mV)

[Cu(bis(ppy)bpy)]2+

-600

−200

124

274

25

74

274

25

[Cu(PDTO)]2+ in 5 eq. TBP

-326

324

25

[Cu(PDTO)]2+ in 10 eq. TBP

-526

424

25

-156

-40

24

168

194

24

-684

616
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Ref.

N
S

Cu
N

S

[Cu(PDTO)]2+
tBu

S

N

- e-

Cu
S

tBu

tBu

N

N

+ e-

Cu

N

N

N
N
tBu

tBu

2+

[Cu(PDTO)] in 1 eq. TBP

N

N
N

Cu
N

tBu

[Cu(MeTbPQ)2]

+

tBu
COOR

ROOC
N
N

N
Cu
N

ROOC

COOR
+

[Cu(bpy-(COOEt)2)2] , R = Et
COOR

ROOC
N
N
ROOC

N
Cu
N
COOR

[Cu(bpy-(COOTbut)2)2]+, R = TBut
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N

N
Cu
S

-132

-42

23

228

318

23

-582

-382

23

S

CN

CN

[Cu(SP)(mmt)]
N

N
Cu

N

N

[Cu(dmp)2](CF3SO3)2
N
N

N
Cu
N

[Cu(phen)2](CF3SO3)2
Table 1. Comparison of redox potentials in copper redox shuttles reported in the
literature and the copper complex synthesized in this study. All potentials are reported
with reference to the ferrocenium/ferrocene couple (Fc+/0) to allow comparison.

To evaluate scan rate dependence and the diffusion of the shuttle, a series of CVs
were performed on the copper complex at varying scan rates. These scans are shown in
Figure 12. The Randle-Sevcik equation, given in Equation 2, establishes the relationship
between the scan rate and the peak current, which directly indicates the system’s
homogeneity:
𝑖! = 0.446𝑛𝐹𝐴𝐶 ! (

!"#!! !
!"

)

!

Eq. 2

where ip is peak current, n is the number of electrons transferred during the redox
reactions, A is electrode surface area, F is Faraday’s constant, C0 is bulk concentration of
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the analyte, v is the scan rate, Do is the analyte’s diffusion coefficient, R is the ideal gas
constant, and T is temperature. In a homogeneous system, the square root of the scan rate
is directly proportional to the peak current observed. For the copper complex, as the scan
rate was increased, the peak currents were also observed to increased. To further establish
the direct proportionality of these two parameters, the square root of the scan rate was
plotted against the peak current as shown in Figure 13, yielding a linear trendline with a
correlation coefficient of R = 0.9998. These findings indicate that the synthesized copper
complex is a homogeneous diffusional system in the condition studied. Taken together,
these results establish the diffusional and quasi-reversible nature of this complex, both of
which are desired in an effective redox shuttle mediator. Of course, further tests must be
performed to establish the proposed mediator’s compatibility in a DSSC with a paired
dye. These tests should be performed in future studies.

Figure 12. Cyclic voltammetry of a 1 mM solution of Cu(II) bis(ppy)bpy and 0.1 M
TBAPF6 as the supporting electrolyte in dry MeCN at varying scan rates. Potential was
referenced against ferrocene (Fc+/0).
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Figure 13. Scan rate dependence of a 1 mM solution of Cu(II) bis(ppy)bpy and 0.1 M
TBAPF6 as the supporting electrolyte in dry MeCN.

3.4: Comparison of Shuttle to a Similar Nickel Complex
As a means of further establishing the viability of the copper complex as a redox
shuttle via comparison, the nickel complex was synthesized; and its electrochemical
properties are currently being investigated. This complex could potentially serve as a rare
NiIII/II-based redox shuttle. While the ligand used to synthesize this complex is the same
as the copper complex above, the nickel complex will display different electrochemical
behavior due to the metal ion substitution. Like the synthesized copper complex, this
complex is strained by the rigidity of the ligand; and this rigidity could result in some
interesting electrochemical properties in the above said complexes.

30

4. Conclusion
This study presents the synthesis of a novel tetradentate ligand to be used in the
generation of a copper complex for redox shuttle applications. The synthesis of the ligand
and subsequent metallation steps were achieved successfully, resulting in the formation
of novel copper and nickel complexes. Electrochemical studies thereafter indicated that
the copper complex displayed quasi-reversibility and was diffusional, displaying both a
peak-to-peak separation of 400 mV and a linear dependence on the square root of the
scan rate. Other copper shuttles presented in the literature demonstrated similar quasireversibility. Taken together, these findings seem to support the initial hypothesis that the
copper complex presented herein could serve as a viable redox shuttle. More
electrochemical studies must be performed to assess the viability of the synthesized
nickel complex. Also, further investigations must be performed to evaluate the
performance of these complexes in a DSSC device and to establish dyes that can be
paired with them to give high overall efficiency. Future studies should additionally aim to
evaluate the effect of adding electron donating and withdrawing groups on ligand to
determine the complexes’ overall tunability; these studies may reveal even more
promising results than those presented herein.
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6. Supporting Documents
NMR and HR-MS Spectral Data

Figure 14. 1H NMR and 13C NMR of N-methylpyridine(phenylpyridine).
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Figure 15. 1H NMR and 13C NMR of N-methylpyridione(phenylpyridine)
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Figure 16. 1H NMR and 13C NMR of 2-(bromopyridine)phenylpyridine
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Figure 17. 1H NMR and 13C NMR of bis(ppy)bpy
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Figure 18. HR-MS simulated and experimental spectra for bis(ppy)bpy
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